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(Fig. 6a) and in the downstream pattern of cross section
average scour depths (Fig. 6b). It is reflected in the
autocorrelograms (Fig. 6c) and semi-variograms
(Fig. 6d) by the alternating sequence of positive and
negative correlations and by the cyclic variation in semi-
variance at increasing lag distances. In terms of
deposition, a comparison of the magnitude of scour
and fill at individual channel locations revealed a close

correspondence. This indicates that the neutral sediment
budgets developed as a consequence of locally com
pensating scour and fill that maintained stream-bed ele
vations and the planar bed topography. Fig. 5 confirms
the approximate balance between scour and fill at the
scale of the channel cross section. In the main-channel,
for example, mean values of the ratio Vs/Vf for indi
vidual events are generally 1±0.25.

The cause of these patterns of scour and the compen
sating nature of the subsequent fill is difficult to isolate
without detailed hydraulic information and direct obser
vations of the scour process. However, one mechanism
may be the generation of non-uniform distributions of
bed shear stress by periodically reversing helical sec
ondary flow (Rhoads and Welford, 1991 p. 132-140). If
correct, it suggests that the observed spatial patterns of
stream-bed scour reflect active bed-reworking at
particular locations of the stream bed where shear
stresses are augmented by the development of secondary
flows. The increase in the volume of material scoured

from the reaches at progressively higher flows results
from the general increase in flow strength and further
localised increases in shear stress and bed activity
caused by strengthening secondary flows. The neutral
sediment budgets can be attributed to the subsequent
infilling of the scour holes, perhaps as the secondary
flows weaken and shear stresses decline during the flow
recession, resulting in the approximate balance between
scour and fill at individual cross sections. This is shown

in Fig. 7 which illustrates the cumulative patterns of
scour, fill and net change in sediment storage over the
three flood seasons.

4.3. Transport distances and virtual velocities

An important question that has not hitherto been
considered in studies of scour and fill is how far the

eroded material moves. Information on particle travel
distances is usually obtained by monitoring the move
ment of tagged particles over a series ofevents. Tagging
and tracing sand-sized particles is technically difficult
and was not attempted. Mowever, crude estimates of
sediment transfer distances (L) for the main-channel can
be derived by comparing the volume of material eroded

from MCR with the volume of material trapped in the
downstream stock pond (Vp) (Table 3). The calculation
uses the identity

Ml-/V>) = £-W.zs(!-#&; (10)

where ppo=0.49 and pch=0.34 are the mean porosities
of the pond and channel sediments respectively. Further
more, estimates of the virtual rate of travel (U; Einstein,
1937) can be obtained by dividing the distance of
sediment transfer by the duration ofcompetent flow (T).

Estimates of Vp for2001 and 2002 wereobtained from
detailed topographic surveys of the pond. Estimates of zs
and T for the corresponding periods were made using data
from MCR. The former was estimated as Vs (Fig. 2b) and
the latter was estimated as the duration of flow above an

approximate threshold for scour (c. 5 cm; Powell et al.,
2005). Values of ppo and pch were calculated from
measurements of sediment density and bulk density
obtained for a number of random locations within the

pond and the lower reach of the main-channel. The
analysis assumes that there is no net scour or fill in the
channel between the MCR and the stock pond. Although
we are unable to verify this directly, it seems a reasonable
assumption given that sediment transfers through the
three study reaches were not mediated by movement of
sediment into and out of storage. A more significant
limitation of the analysis is its failure to account for
sediment delivered via hillslope and tributary inputs.
Significant sediment inputs to the channel reach between
the MCR and the stock pond will cause L and U to be
overestimated. With these provisos in mind, the results of
the analysis are presented in Table 3. The volumes of
sediment trapped in the stock pond during 2001 and 2002
imply mean annual particle travel distances of 401 and
734 m respectively. The corresponding virtual velocities
are 370 m h"1 for 2001 and 282 m h"1 for 2002. These

Table 3

Estimates ofannual particle travel distances (Z.= Kp(l -/;,„)/( zs.w (1 -pch))
and virtual velocities (U=L/T) for the lowerportionof the main-channel

2001 2002

Volume ofsediment trapped instock pond, Vp,m3 113.8 436.6
Mean depth of scour, zs, m 0.071 0.192
Particle travel distance, L, m 401 734
Duration of competent How, T, min 65 156
Virtual velocity, [/, m IT' 370 282

The calculation ofL assumes that there is no movement of the channel

sediments into or out of storage and that the average depths of scour
recorded in the main-channel study reach arc representative of the
lower portion of the main-channel. Actual travel distances and virtual
velocities are likely to be somewhat lower than those calculated
because some of the material deposited in the stock pond will have
been derived from tributary and hillslope inputs (Fig. 1).
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travel distances and virtual velocities are for sand moving
over sand. Leopold et al. (1966) report similar travel
distances for gravel moving over sand in the ephemeral
arroyos ofNew Mexico. Although their data do not allow
the calculation ofvirtual velocities, it is likely that they are
comparable to those calculated in this study. Rates of
particle travel for sand and gravel moving over sand
appear to be two-three orders of magnitude higher than
those recorded for gravel moving over gravel at com
parable flow strengths (Hassan et al., 1992).

5. Conclusions

The dynamics of bed material transfers in three head
water channels of a dryland river catchment subject to
flash flooding have been examined. In each channel,
dense arrays of scour chains were used to derive spatially
distributed information on volumes of stream-bed scour,

fill and net changes in sediment storage for a range of
competent flows. The results demonstrate that sediment
transfers through the reaches were accompanied by
complex patterns of compensating scour and fill which
maintained the channels in approximate steady state. As
suggested by Butcher and Thornes (1978), sediment
storage did not appear to be a significant control on
sediment transfers. The efficiency by which fluvial pro
cesses delivered sediment through these dryland head
water channels is in marked contrast to the dynamics of
sediment transfers in humid-temperate upland environ
ments which are dominated by sediment storage processes
(e.g. Benda et al., 2005). Much of the variability in the
magnitude of stream-bed scour generated by individual
flow events can be explained by the magnitude of the
floods (cf. Lekach and Schick, 1983). Estimates of total
volumetric scour per unit bed area for the three channels
correlate strongly with values of peak unit stream power
and the resultant trend is described well by a simple power
law function. Accounting for the complex patterns of
compensating scour and fill within the reaches is more
difficult without more detailed hydraulic information.
They may, however, reflect spatial and temporal varia
tions in bed shear stress arising from the growth and decay
ofsecondary flows during the passage offlood flows. This
study also highlights the ability of scour chains to
document sediment transfers that do not result in

morphological change over the time of survey. As such,
scour chains may provide a methodological basis for the
application of morphological approaches to investigating
sediment transport (e.g. Ashmore and Church, 1998;
Haschenburger and Church, 1998) in dryland channels
characterised by compensating scour and fill during
individual events. These approaches have yet to be

applied in dryland settings despite their ability to
document spatial and temporal variations in erosion and
deposition and to overcome many of the problems
associated with deploying conventional techniques for
measuring sediment transport in these environments
(Laronne et al., 1992).

Notation

a (b) Length of scour chain above elbow (exposed
on bed surface), m

g Acceleration due to gravity, m s-2
L Sediment transfer distance, m

/; Manning's n
Pva (Pch) Meanporosity of stockpond(channel) sediments
Q Qp Discharge (peak discharge), m3 s~l
Ru Autocorrelation coefficient at lag h
S Reach-average bed slope, m m~
T Duration of competent flow, min
U Virtual rate of travel, m h_1
Vp Volume ofsediment trapped in stock pond, m3
Vi, Vr, V, Volume ofscour or fill for the /th cross section,

rth event and all events in a reach, m3
Vtf Volume of scour (or fill) at the /th cross section

calculated using k chains along the section, mJ
Vht, Vnn Vn, Net volume change for the /th cross section,

/•Ui eventand all events in a reach, m3
Vf(Vsi) Volume of fill (scour) for the /th cross section, m3
Vf (Vsr) Volume of fill (scour) for the rth event, m3
Vf, (Vs,) Total volume of fill (scour) for all events in a

reach, m3
Vsr Volumetric scour per unit bed area, m3 m~2
Vy xth random volume estimate ofscour (or fill), mJ
V Mean random volume estimate ofscour or fill, m

(Vnr) Vnr as a percentageof Vs„ %
w Channel width, m

Xj Cross-stream distance of they'th prism, m
y>i Downstream length of the prisms at the /th

cross section, m

Yp Peak flow depth, m
Zb Mean bed elevation change, m
zf (zs) Depth of fill (scour), m
zs Mean depth of scour, m
Ij Mean depth of scour or fill of the/th prism
da (db) Error in a (b), m
dV/, dVr', dV,' Uncertainties in Vh Vr and V, due to

measurement error, m3
dVf/, dVsj Uncertainties in Vf and Vst due to

measurement error, m3
dVn/, dVn/, dVn/ Uncertainties in Vnu Vnr and Vn,

due to measurement error, m

dVr", dV," Uncertainties in Vr and V, due to cross
section location, m



DM. Powell et al. / Geomorphology 88 (2007) 152-166 165

dVnr", dVn," Uncertainties in Vnr and Vnt due to cross
section location, m3

dV/", dVr'", dVi" Uncertainties in Vh Vr and Vt due to
cross-stream sampling strategy, m3

dVn/", dVnr'", dVnt"' Uncertainties in Vnh Vnr and Vn,
due to cross-stream sampling
strategy, m3

dx, dy, dz Error in xJt y, and zy, m
AVn AVnr Total error associated with Vr and Vnn m3
AVh AVnt Total error associated with Vt and Vnh m3
e (e) Root mean square error (relative root mean

square error)
yh Semi-variance at lagh, cm2
p Density of flow, kg m 3
cop Peak unit stream power, Wm~2
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